Introduction
============

Group A rotavirus (RV) is common etiological agent of severe gastroenteritis (GE) in infants and young children worldwide with great mortality in the developing world.[@R1] RV particles possess a triple-layered capsid enclosing a genome of 11 segments of double-stranded RNA.[@R2] The external layer of infectious RV particles is formed by 2 proteins, the glycoprotein VP7 and VP4 (forming spikes with hemagglutinating activity in some RV strains), which define the G (glycoprotein) and P (protease-sensitive) genotypes, respectively, of the virus.[@R2] Both of these proteins are essential for virus attachment and entry to the host cells[@R3]^,^[@R4] and contain major antigenic epitopes which induce type-specific RV neutralizing antibodies (NAbs).[@R2] The intermediate layer of the RV surrounding the VP2 core consists of VP6, which contains viral group (A-G/H) and subgroup (SGI, II, I+II, non-I-non-II for group A) specific antigenic determinants.[@R2]^,^[@R5] The inner capsid protein VP6 is highly conserved with approximately 90% homology at the amino acid level among group A RVs.[@R6] It is also the most abundant[@R2] and highly immunogenic RV protein.[@R7]^--^[@R10] Development of serum VP6-specific antibodies, especially IgA, has been regarded as an indicator of protection after natural RV infection or vaccination.[@R11]

Two live attenuated oral RV vaccines, the pentavalent human bovine (WC3) reassortant rotavirus vaccine (RotaTeq®, Merck) and the monovalent G1P1A\[8\] human rotavirus vaccine (Rotarix®, GlaxoSmithKline) were licensed in 2006 and are now used extensively, but the mechanisms or effectors of protection against RVGE are not clearly defined.[@R1]^,^[@R11] A role of type-specific NAbs to external VP4 and VP7 proteins in the induction of protective immunity after natural RV infection and oral immunization with live RVs is evident,[@R12] but other mechanisms are also important in protection.[@R1]^,^[@R11] This is indirectly indicated by the finding that monovalent Rotarix® vaccine and the pentavalent RotaTeq® vaccine show similar levels of clinical protection against severe RVGE caused by different RV genotypes.[@R13]^,^[@R14] Moreover, the levels of NAbs induced by the vaccines are low and therefore cannot account for the high level of protection of these vaccines.[@R15]^,^[@R16] The evidence that the immune response to VP4 and VP7 is not absolutely required for protection is also supported by the induction of protection against RV infection in mice and rabbits by inactivated double-layered (dl) RV particles,[@R17]^,^[@R18] dl2/6- virus-like particles (VLPs),[@R19]^--^[@R21] chimeric VP6 protein[@R22]^,^[@R23] or DNA encoding VP6.[@R24]^,^[@R25] The above studies suggest a significant role of VP6 in RV protective immunity, although dl2/6-VLPs have failed to induce protection against disease in gnotobiotic piglets.[@R26]

VP6-specific mucosal (intestinal) antibodies, especially IgA antibodies in mice immunized with recombinant VP6 (rVP6) or dl2/6-VLPs have been implicated as correlates of protection against RV challenge.[@R25]^,^[@R27]^,^[@R28] Moreover, it has been reported that anti-VP6 polymeric IgA (pIgA) impairs RV infection by intracellular inhibition of RV replication.[@R29]^--^[@R33] While it is generally accepted that antibodies directed against the internal RV protein VP6 have no neutralizing activity in vitro, there are a few reports to the contrary,[@R34]^--^[@R37] mainly relating to the inhibitory activity of llama-derived single-chain antibody fragments.[@R35]^--^[@R37] To add to the evidence, in the present study we show that mucosal VP6-specific IgA antibodies inhibit RV infection in vitro. Furthermore, VP6-specific immune response induced in vivo protection in BALB/c mice challenged with murine RV strain EDIM.

Results
=======

Intranasal immunization induced high systemic and mucosal antibody responses
----------------------------------------------------------------------------

High systemic and mucosal IgG and IgA responses were induced by intranasal (IN) immunization of mice with the candidate combination vaccine containing equal quantities of RV rVP6 protein and norovirus (NoV) VLPs as determined by enzyme-linked immunosorbent assay (ELISA). IN immunization route was used to obtain maximum amount of mucosal antibodies, specifically IgA, as IgA antibodies have been implicated in protection against RV infection in vivo[@R25]^,^[@R27]^--^[@R30] and in inhibition of RV replication in vitro.[@R31]^--^[@R33]

Two immunization doses resulted in high levels of anti-VP6 IgG and moderate levels of anti-VP6 IgA antibodies in the serum of the experimental group with end point titers of \>4.4log10 (OD~490~ 2.4 at a 1:200 dilution) and \>2.5log10 (OD~490~ 0.4 at a 1:10 dilution), respectively ([Fig. 1A and B](#F1){ref-type="fig"}). Further, considerably high levels of IgG antibodies were detected in groupwise pooled 10% fecal suspensions (OD~490~ 1.4 at a 1:2 dilution) and vaginal washes (VWs, OD~490~ 2.2 at 1:2 dilution) of immunized animals ([Fig. 1C](#F1){ref-type="fig"}). Similarly, IgA antibodies were detected in the mucosal secretions, with OD~490~ values of 0.9 and 1.7 (ratio 0.5) for 1:2 diluted fecal samples and VWs, respectively ([Fig. 1C](#F1){ref-type="fig"}). The ratios of serum IgA to VW and fecal IgA were 0.5 and 1.8, respectively. All samples from control mice were negative for both RV-specific IgG and RV-specific IgA antibodies ([Fig. 1A--C](#F1){ref-type="fig"}).

![**Figure 1.** Detection of serum and mucosal VP6-specific antibody responses following intranasal immunization. Endpoint titration of VP6-specific IgG (**A**) and IgA (**B**) antibodies in serum of individual mice (5 mice/group) after 2 intranasal immunizations with the combination vaccine containing rotavirus rVP6 and norovirus VLPs, each at a 10 µg dose. Control (ctrl) mice received only PBS. Mean titers of sera at study week 5 are shown. Error bars represent standard error of the means. (**C**) Endpoint titration of VP6-specific IgG and IgA antibodies in mucosal samples of experimental groups. Mean titers of groupwise pooled (5 mice/group) vaginal washes (VW) and fecal suspensions of at least 2 (2--4) independent experiments at week 5 are shown. (**D**) Characterization of different IgA forms in mucosal samples from immunized mice by immunoblot analysis under non-reducing conditions. Polymeric IgA (pIgA) forms including secretory IgA (SIgA) were confirmed upon immunodetection with goat anti-mouse IgA. Molecular weight markers (in kDa) are indicated with arrows.](hvi-10-2039-g1){#F1}

Mucosal samples contain polymeric forms of IgA
----------------------------------------------

Molecular forms of IgA were determined in sera, feces, and VWs of immunized mice by immunoblotting under non-reducing conditions. Most IgA antibodies in mucosal samples but not in the serum samples of the experimental group were found in the polymeric forms ([Fig. 1D](#F1){ref-type="fig"}).

In vitro inhibition of RV infection
-----------------------------------

The ability of VP6-specific antibodies to inhibit RV infection was studied in vitro by an ELISA-based RV antigen reduction neutralization assay.[@R38]^,^[@R39] Functionality of the neutralization assay against RV Wa and RRV was confirmed using human RV-positive and RV-negative sera (data not shown). Mouse samples after 2 immunizations were tested for neutralization against these 2 RV strains, namely Wa (SGII, G1P1A\[8\]) homologous to the rVP6 used for immunization, and RRV (SGI, G3P5B\[3\]) ([Fig. 2](#F2){ref-type="fig"}). No neutralizing effect was detected in the sera ([Fig. 2](#F2){ref-type="fig"}) of immunized or control groups. Several attempts to test the neutralizing activity of fecal samples failed each time, as the samples from the mice, including control, and even at high dilutions, were toxic for cell cultures---an observation made by others as well.[@R40] Instead, VWs containing levels of mucosal antibodies similar to those of the fecal suspensions ([Fig. 1C](#F1){ref-type="fig"}) were used in neutralization assays. VWs from immunized group neutralized both RV strains belonging to different SGs. These results indicate cross-reactive neutralizing activity of VP6-specific mucosal antibodies in vitro. More precisely, inhibition of infectivity of RV Wa and RRV was detected with neutralizing titers of 569 and 213, respectively ([Fig. 2](#F2){ref-type="fig"}). The VW samples from control mice did not inhibit RV infection, whereas positive human control serum always neutralized both viruses.

![**Figure 2.** Inhibition activity of sera and vaginal washes of intranasally immunized mice against human rotavirus (RV) Wa (homologous VP6 to the immunizing rVP6 protein) or rhesus RV (RRV) using an ELISA-based antigen reduction neutralization assay. Mice were immunized with the combination vaccine containing RV rVP6 and norovirus virus-like particles. Control mice received no immunogen. Sera of RV-seropositive (RV+) and RV-seronegative (RV--) human donors were used as assay controls. The reciprocal of the sample dilution that generated \>60% reduction in virus infectivity was considered its titer. If the highest dilution (1:10) did not yield neutralization of \>60%, a titer of 5 was assigned as the neutralization titer of the sample. Results of study week 5 are represented as the geometric mean neutralizing titer of at least 2 independent experiments, each done in duplicate, with standard errors. NT, not tested.](hvi-10-2039-g2){#F2}

VP6-specific mucosal IgA mediates RV inhibition
-----------------------------------------------

The neutralizing activity of the VWs was confirmed to be associated with the VP6 binding by blocking experiments. The neutralization ability against Wa was completely blocked by preincubation of the VW samples with rVP6 protein compared with the untreated VW samples (*P* = 0.001) ([Fig. 3A](#F3){ref-type="fig"}). In contrast, preincubation of serial VW dilutions with unrelated recombinant NoV GII-4 VLPs had no effect (*P* = 0.073) on the neutralizing activity ([Fig. 3A](#F3){ref-type="fig"}). Similar results were observed with RRV, when preincubating the samples with rVP6 reduced the neutralization (*P* = 0.001) by immune VWs ([Fig. 3A](#F3){ref-type="fig"}). Furthermore, IgA antibodies were shown to mediate the RV Wa and RRV inhibition. When IgA of VWs was depleted with magnetic beads prior to use in a neutralization assay, the neutralizing activity for RV Wa as well as RRV was abolished ([Fig. 3B](#F3){ref-type="fig"}). An IgA ELISA assay confirmed removal of the IgA antibodies from the VWs of the experimental group with the finding of OD~490~ values of 0.80 and 0.01 for the 1:10 dilutions of VWs before and after the depletion, respectively. IgA depletion did not drastically alter the IgG content of the samples, which retained significant amount of IgG (OD~490~ 1.4 vs. OD~490~ 0.8).

![**Figure 3.** VP6-specific mucosal IgA mediates RV inhibition in vitro. (**A**) Blocking of the inhibition of human rotavirus (RV) Wa and rhesus RV (RRV) infection in vitro by VP6-specific antibodies of mice immunized intranasally with the combination vaccine containing RV rVP6 and norovirus (NoV) virus-like particles (VLPs). Control (Ctrl) mice received no immunogen. Vaginal wash (VW) samples from immunized mice were preincubated with rVP6 protein or NoV GII-4 VLPs prior the neutralization assay or left untreated. (**B**) IgA antibodies mediate RV Wa and RRV inhibition in vitro. IgA was depleted (--IgA) from VWs of immunized mice prior to neutralization assay, resulting in reduced inhibitory activity compared with untreated VWs. The dashed line indicates the 60% cut-off for reduction in virus infectivity. Results of at least 2 independent experiments, each done in duplicate, with standard errors are shown.](hvi-10-2039-g3){#F3}

Protective efficacy against RV challenge
----------------------------------------

To determine the protection conferred by the combination vaccine, immunizations were repeated and mice from immunized and control groups were challenged with murine RV EDIM~wt~ at study week 6. Viral shedding curves show that the viral antigen shedding in feces of VP6 immunized mice was decreased significantly (*P* = 0.021) compared with the control mice ([Fig. 4](#F4){ref-type="fig"}). High shedding was observed from day 2 to day 5 in control group, whereas the immunized group shed virus only at day 3. Total reduction in shedding of the vaccinated group was 62.0% (± 18.3%) compared with the control group. For undetermined reasons in one mouse antigen shedding was higher than in any of control mice. More consistent reduction of virus shedding (77.5 ± 12.6%) was detected in remaining 4 of the 5 animals immunized ([Fig. 4](#F4){ref-type="fig"}). Since all experimental mice had similar levels of serum VP6-specific IgG and IgA (data not shown) before the challenge, the failure in protection of the particular mouse cannot be explained with the pre-existing antibody levels. In addition, intestinal IgA antibodies were detected prior to the challenge as well (OD~490~ 0.3 ± 0.08 at 1:10 dilution) and the level was similar to the level shown in [Figure 1C](#F1){ref-type="fig"}.

![**Figure 4.** Effect of intranasal immunization with candidate vaccine on rotavirus shedding. Groups of mice were immunized intranasally twice with the candidate vaccine containing rotavirus (RV) rVP6 and norovirus virus-like particles, each at a 10 µg dose. Three weeks after the second dose mice were challenged orally with EDIM~wt~ (100-fold DD~50~) and the quantity of RV antigen shed in fecal samples was determined up to 8 d post-challenge by ELISA. Each point represents the daily average of a group of mice (4 mice/group) with standard error of the means.](hvi-10-2039-g4){#F4}

Discussion
==========

We have previously shown that a candidate combination vaccine against NoV and RV containing a mixture of NoV VLPs and RV VP6 protein delivered parenterally to BALB/c mice induced high levels of systemic VP6-specific cross-reactive serum IgG antibodies as well as T cells.[@R41]^--^[@R43] Further, mucosal antibodies induced by intramuscular (IM) application of the combination vaccine inhibited RV infection in vitro.[@R43] Since mucosal VP6-specific IgA antibodies have been associated with protection against RV in vivo[@R25]^,^[@R27]^--^[@R30] and inhibition of RV replication in vitro,[@R31]^--^[@R33] in the present work we have used IN delivery of the combined vaccine in order to induce high levels of mucosal VP6-specific antibody responses. Our results show that mucosal IgA antibodies inhibited RV infection in vitro. Importantly, in vivo protection from RV challenge was induced by immunization with VP6 protein.

Although in vivo protection from RV challenge correlating with VP6-specific mucosal (intestinal) IgG and IgA antibodies in mice immunized with rVP6 has been documented,[@R25]^,^[@R27]^,^[@R28] antibodies against VP6 have been thought to have no neutralizing activity in vitro. However, few studies have described neutralizing activity of VP6-specific serum antibodies,[@R34]^--^[@R37] mainly relating to small-sized llama-derived antibody fragments against VP6,[@R35]^--^[@R37] in a traditional in vitro assay. Nevertheless, anti-VP6 IgA mucosal antibodies have been indicated to impair RV infection in vivo and in vitro by intracellular neutralization.[@R29]^--^[@R33]

Intranasal immunization with different antigens has been shown to be effective in inducing antigen-specific secretory IgA (SIgA) in intestinal surfaces but also in other mucosal sites including vagina.[@R44]^,^[@R45] Similarly, in the present study mucosal VP6-specific IgG and IgA were detected in considerable quantities in intestine and VWs of immunized mice. However, neutralization experiments of RVs by fecal suspensions failed in spite of several attempts. Failures to detect VP6-specific in vitro neutralization activity can most likely be explained by toxicity of the fecal suspensions to the MA104 cells, as seen previously by others.[@R40] For this reason, the VWs containing comparable levels of mucosal IgG and IgA antibodies as fecal suspensions were used for the neutralization experiments, where antibody content of these VWs served as a proxy indicator for fecal antibodies. Samples of VWs were able to inhibit infection of MA104 cells with human Wa RV strain homologous to the immunization protein rVP6, as well as with a heterologous rhesus RV strain. A similar inhibition was also observed previously with VWs from mice immunized IM with the candidate vaccine, rVP6 or dl2/6-VLPs[@R43]^,^[@R46] although the neutralization titer to Wa RV was increased by a factor of 3.6 with IN administration, possible due to the higher levels of mucosal antibodies in VWs of IN immunized mice. Neutralization of both RV strains irrespective of subgroup or G- and P-type indicates heterotypic protection of these antibodies in vitro, which is in concordance with the work of others.[@R30]^,^[@R35]

Preincubation of VWs with rVP6 protein efficiently reduced the inhibition of RV infectivity by blocking antibody binding sites and consequently neutralization activity. By contrast, an unrelated protein, GII-4 VLPs derived from NoV capsid VP1, did not reduce this activity. These results strongly suggest that heterotypic neutralization activity was conferred by VP6-specific antibodies. In addition, depletion experiments using magnetic beads indicated that IgA antibodies were mediating the RV inhibition. However, the role of mucosal IgG antibodies as mediators of the inhibition warrants further investigation. Although neutralizing activity of sera containing considerable levels of VP6 specific IgA was not detected, potential neutralizing capacity of serum VP6-specific IgA cannot be definitively excluded. Since no inhibition of RV infectivity by sera could be seen, preferably, VP6-specific IgA in the polymeric form present in mucosal washes may be responsible for prevention of RV infectivity. Generally, the reliability of using anti-RV serum IgA antibody titers as a correlate of protection or vaccine efficacy is controversial.[@R47]^--^[@R50] Recently, studies in developing countries have indicated that RV-specific IgA levels in serum are not an optimal correlate of protection following vaccination.[@R47]

The mechanisms by which VP6-specific antibodies exert the neutralizing effect are not yet understood, but it has been shown that VP6-specific pIgA neutralizes RV by inhibiting virus replication intracellularly.[@R31]^,^[@R32] Indeed, recent data by Aiyegbo and coworkers[@R33] indicate that the neutralizing activity of human VP6-specific IgA antibody results from the inhibition of viral transcription inside the cells during polymeric Ig receptor-mediated transcytosis of pIgA, which in turn suggests that intracellular neutralization by naturally-occurring RV VP6-specific pIgAs likely contributes to human protective immunity to RV. This mechanism could also partly account for the RV inhibition we have observed, although our studies have not specifically examined intracellular mechanisms with polarized cells.[@R32]^,^[@R33]^,^[@R51] This assumption is based on non-reducing immunoblot analysis, where mostly polymeric forms of IgA were detected in the mucosal samples. These pIgAs as well as SIgA have been shown to bind to intact RV particles[@R32] through the holes in the capsid or via areas of partial decapsidation[@R52] and could therefore interact with dl particles inside the cell. In support of the above, we have also detected direct binding of VP6-specific mucosal but not serum IgA antibodies to the non-denatured RVs coated onto ELISA plates (data not shown). Alternatively to the post-entry infection events, RV infection could be inhibited during the virus entry, as shown by Gualtero and colleagues.[@R34] They suggested that VP6-specific antibodies blocked binding of VP6 to heat shock cognate protein 70, a co-receptor for RV entry, into the susceptible cells.

In this study, in vivo protection against RV challenge induced by human-derived RV VP6 protein was also assessed. Protective efficacy was measured in an adult mouse model based on decreased RV antigen shedding originally described by Ward et al.[@R53] Consequently, the candidate vaccine administered IN induced 77.5% reduction in RV replication in mice challenged with murine RV strain EDIM suggesting that the candidate vaccine is effective in conferring immunoprotection against RV challenge. Although 1 of 5 mice was not protected for unknown reason, very recent publication describing similar reduction in RV shedding in mice immunized with VP6 tubular structures[@R54] support our observation. These results indicate the importance of VP6-specific immune response in heterotypic protection, which is in concordance with the previously published results where protection against 2 different murine RV strains, EDIM and EMcN, was demonstrated after mucosal immunizations with *E. coli*--expressed MBP-VP6 derived from human CJN strain.[@R23] Although VP6-specific mucosal IgA antibodies have been implicated as correlates of protection against RV challenge in mice immunized with VP6 or dl2/6-VLPs,[@R25]^,^[@R27]^,^[@R28] other studies imply no protective role for VP6 specific mucosal antibodies.[@R22]^,^[@R23]^,^[@R55] These differences may be explained with the induction of different effectors or mediators of protective immune responses depending on nature of RV VP6 protein used for immunization, e.g., being a monomer[@R55] or oligomeric structures.[@R28] In addition, the difference may come from an adjuvant being used or not.[@R28]^,^[@R55] Nonetheless, the protection we observed in adult mouse shedding model not necessarily assure protection in RV animal disease models. For example dl2/6-VLPs have not conferred protection against RV disease in RV-infected gnotobiotic piglets.[@R26] Since the vaccine formulation necessary to induce protection from RV disease or virus shedding may differ, the protective efficacy of vaccine formulation will need to be tested in different animal models and eventually in humans.

In conclusion, in the present study we show that VP6-specific mucosal IgA antibodies induced by IN immunization inhibited RV infection in vitro. Most importantly, the mice immunized with the candidate vaccine containing RV VP6 protein were protected against RV challenge in vivo. Although the mechanisms of protection were not explored directly, our results give important insights on the non-serotype-specific protective immunity to RV induced by the VP6 protein immunization.

Materials and Methods
=====================

Rotavirus rVP6 production and characterization
----------------------------------------------

Human RV rVP6 protein originating from a fecal sample from a RV G1P1A\[8\]-positive patient was produced in Sf9 insect cells by the Bac-to-Bac baculovirus expression system (Invitrogen, Cat. 10359-016) and purified by ultracentrifugation and ultrafiltration as previously described.[@R41]^,^[@R42]^,^[@R46] The rVP6 protein and NoV VLPs were mixed in equal quantities to produce a combination for a candidate vaccine[@R41] used for immunization in a series of preclinical studies including the present study. In addition, the purified rVP6 was used as an antigen in ELISA.

Immunization of mice and sample collection
------------------------------------------

Female 7-wk-old BALB/c OlaHsd mice (Harlan Laboratories) were immunized IN twice (at weeks 0 and 3) with the candidate vaccine containing a mixture of recombinant RV VP6 and NoV VLPs,[@R41]^,^[@R42] each at a dose of 10 µg per immunization point, without an external adjuvant. The immunogen was administered in a 25-µL volume by gradual inoculation in each nostril. Naïve mice receiving carrier only (sterile PBS) were used as controls. The immunization procedures were performed 3 separate times in different groups of mice (4--5 mice/group).

Blood samples, feces, and VWs were collected at week 0 (pre-immune sample) and at the time of termination at week 5. Fresh feces of mice were suspended to 10% w/v in cold TNC buffer (10 mM Tris, Cat. T1378; 100 mM NaCl, Cat. 31434N; 1 mM CaCl~2~, pH 7.4, Cat. C5670) supplemented with 1% aprotinin (Cat. A6279) and 10 μM leupeptin (Cat. L2884) (all from Sigma--Aldrich). Serum samples were prepared according to Tamminen et al.[@R56] Since IN delivery is effective in inducing SIgA antibodies in different locations including the vagina,[@R44]^,^[@R45] vaginal secretions were collected by washing twice with 125 μl of cold PBS (4--5 times up and down) followed by centrifugation at 12 000 × *g* for 10 min at +4 °C. Antibody content of these VWs served as a surrogate for mucosal immune responses. All procedures were performed in accordance with the regulations and guidelines of the Finnish Animal Experiment Board.

Humoral immune response detection
---------------------------------

Induction of VP6-specific systemic and mucosal antibody responses was determined by measuring levels of RV VP6-specific IgG and IgA in sera, fecal suspensions, and VWs. Sera of each mouse at 1:200 dilution and 2-fold dilution series were tested for total RV VP6-specific IgG antibodies by ELISA assay,[@R41]^,^[@R46] where Costar High Binding 96-well half area polystyrene plates (Corning Inc., Cat. 3690) were coated with 40 ng/well of rVP6 protein in PBS. For detection of serum and mucosal VP6-specific IgA, as well as mucosal IgG antibodies (sera, stool suspensions, and VWs tested at 1:2 or 1:5 dilutions and 2-fold dilution series), the plates were coated with 50 ng/well of rVP6. VP6-specific antibodies were detected with horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (Sigma-Aldrich, Cat. A4416) or anti-mouse IgA (Sigma-Aldrich, Cat. A4789) at a dilution of 1:4000 and SIGMA FAST *o*-phenylenediamine dihydrochloride (OPD) substrate (Sigma-Aldrich, Cat. P9187-50SET). Optical density at 490 nm (OD~490~) was measured by Victor^2^ 1420 microplate reader (Perkin Elmer) and a sample was considered positive if the OD~490~ was above the set cut-off value (mean OD~490~ of control mice + 3 × SD) and at least 0.1. The titers were defined as the reciprocal of the highest sample dilution with a mean OD~490~ above the cut-off value.

Immunoblotting for characterization of IgA forms
------------------------------------------------

The quality of serum and mucosal samples of immunized mice was assessed by electrophoresis followed by immunodetection analysis. Pools of sera, stool samples and VWs were prepared and separated by sodium dodecyl sulfate PAGE (SDS-PAGE) with 4--15% Mini-PROTEAN® TGX™ (Bio-Rad Laboratories, Cat. 456-1083) gels under non-reducing conditions. Each sample pool was mixed with an equal volume of Laemmli sample buffer (Bio-Rad, Cat. 161-0737) without β-mercaptoethanol and incubated for 5 min at 95 °C before being electrophoresed in 1 × Tris/Glycine/SDS buffer (Bio-Rad, Cat. 161-0732) for \~45 min at 200 V. This allowed the detection of SIgA complexes followed by immunoblotting to the nitrocellulose membrane (Bio-Rad, Cat. 162-0115) with 1:1000 diluted goat anti-mouse IgA-HRP antibody (Sigma-Aldrich, Cat. A4789). Bound antibodies were detected with OPTI-4CN™ Substrate kit (Bio-Rad, Cat. 170-8235) according to the manufacturer's instructions.

Preparation of viral stocks
---------------------------

Fetal rhesus monkey kidney (MA104) cells were maintained in Earle's minimum essential medium (Gibco, Cat. 21090-022) supplemented with 10% fetal bovine serum (Sigma, Cat. F9665), 2 mM L-glutamine (Gibco, Cat. 25030-024), 100 U/mL penicillin (Gibco, Cat. 15140-122), and 100 µg/mL streptomycin (Gibco, Cat. 15140-122) at 37 °C in a 5% humidified CO~2~ incubator. Human RV strain Wa (SGII, G1P1A\[8\]) and rhesus rotavirus (RRV, SGI, G3P5B\[3\]) were propagated in MA104 cells in the presence of 0.5 µg/mL of trypsin from porcine pancreas (Sigma-Aldrich, Cat. T4799). After observing the cytopathic effect, viral stocks were prepared from infected cells by 3 cycles of freezing--thawing, centrifuging at 2000 × *g* for 10 min for clarification, and storing at −70 °C. The viral titer of the stocks in plaque-forming units per milliliter (PFU/mL) of virus was determined by virus plaque assay.[@R57]

The murine RV strain EDIM~wt~ (SG non-I-non-II, G3P10\[16\]) used in challenge study was originally obtained from Dr Richard Ward (Gamble Institute of Medical Research, Cincinnati, Ohio). The EDIM virus, pooled from fecal specimens of infected neonatal mice, was prepared as previously described.[@R53]

Determination of neutralizing anti-RV antibodies in vitro
---------------------------------------------------------

Neutralizing activity of VP6-specific antibodies in sera, fecal samples, and VWs of immunized mice was determined by measuring the reduction in RV antigen production with an ELISA-based antigen reduction neutralization assay (NELISA) as described previously by others.[@R38]^,^[@R39] The functionality of the assay was first confirmed against RV Wa by using human polyclonal anti-RV serum obtained from a patient with RV infection, later always included as a positive assay control. A human polyclonal serum negative for RV was used as a negative assay control. The stool samples from human serum donors were first analyzed for RV detection by RT-PCR.[@R58] Both sera were then characterized for the presence or absence of RV-specific immunoglobulins by an ELISA.[@R59] A series of 2-fold dilutions (1:10 to 1:1280) of each groupwise pooled specimen from immunized and control mice were mixed with equal volumes of Wa RV or RRV containing 125 PFU and preincubated at +37 °C for 60 min to ensure that anti-VP6 antibodies would bind to any exposed VP6 in the virion. Confluent MA104 monolayers in 96-well plates (Nunc, Cat. 167008) were overlaid with the mixture and the plates were centrifuged at 1000 × *g* for 60 min. The virus inoculum was replaced with medium supplemented with 4 µg/mL of trypsin followed by incubation at 37 °C for 15 h, lysing of the cells by a cycle of freezing--thawing, and storage at −80 °C. RV antigen production of each sample in duplicate was measured by an ELISA using insect-cell-derived rVP6 as an internal standard. A reduction of OD~450~ value in the duplicate wells by \>60% compared with the untreated virus control wells (trypsin activated RV Wa or RRV without the test sample) was considered to indicate neutralizing ability of the sample. Neutralizing titers were expressed as the reciprocal of the highest sample dilution yielding neutralization. If the highest sample dilution (1:10) failed to neutralize, a titer of 5 was assigned as the neutralization titer of the sample.

To determine whether VP6-specific antibodies were responsible for the neutralizing activity, the antibody binding sites were blocked by preincubation of VW serial dilutions with 10 μg of the rVP6 protein or with recombinant baculovirus produced unrelated GII-4 capsid VP1 protein derived from NoV[@R41] at +37 °C for 1 h prior to neutralization assay.

VP6-specific antibody depletion
-------------------------------

To assess whether IgA antibodies mediated the RV inhibition, IgA of VW was depleted with magnetic bead treatment, where 6.7 × 10^7^/mL of Dynabeads M-280 Streptavidin (Life Technologies, Cat. 11205D) combined with 40 µg of biotinylated goat anti-mouse IgA (Life Technologies, Cat. M31115) were incubated with the sample prior to neutralization assay. The IgA-depleted supernatant separated from the beads by the magnet (DynaMag™-Spin, Life Technologies, Cat. 12320D) was employed in the NELISA to test the residual neutralization activity. The level of IgA depletion of the VW was verified by the ELISA as described above.

Virulent murine RV challenge and detection of RV antigen in fecal samples
-------------------------------------------------------------------------

For the protection study 8--10 mice/group were immunized as described above. Three weeks after the last immunization half of the immunized mice were challenged orally with 1 × 10^4^ FFU (100-fold the diarrheal dose DD~50~) of the murine RV strain EDIM~wt~. The feces of challenged mice were collected prior to challenge (day 0) and daily for 8 d after the challenge, and the presence of RV antigen in fecal samples suspended in TNC buffer was determined with ELISA as previously described.[@R60] Fecal antigen shedding was expressed as the net OD value (OD of the post-challenge fecal sample minus the OD of pre-challenge sample from the same mouse). A sample was considered positive if the net OD~405~ was ≥0.1. Viral shedding curves for each animal were plotted and the reduction in viral load was calculated by comparing the mean area under the curve of the immunized mice to the mean area under the curve of the control group. A \>50% reduction in virus shedding was considered significant protection from virus challenge. Mice were sacrificed at day 8 after the challenge. To confirm the success of immunizations, pre-challenge sera from study week 5 were tested for VP6-specific IgG and IgA antibodies as described above.

Statistical analyses
--------------------

Mann--Whitney U-test was employed to assess the statistical difference between 2 independent groups. Analyses were conducted by IBM SPSS Statistics -software (SPSS Inc.) version 20.0, where *P* ≤ 0.05 was considered to be statistically significant.
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